The long-term results of grafting with hydroxyapatite granules for acetabular deficiency in revision total hip replacement are not well known. We have evaluated the results of revision using a modular cup with hydroxyapatite grafting for Paprosky type 2 and 3 acetabular defects at a minimum of ten years' follow-up. We retrospectively reviewed 49 acetabular revisions at a mean of 135 months (120 to 178). There was one type 2B, ten 2C, 28 3A and ten 3B hips. With loosening as the endpoint, the survival rate was 74.2% (95% confidence interval 58.3 to 90.1). Radiologically, four of the type 3A hips (14%) and six of the type 3B hips (60%) showed aseptic loosening with collapse of the hydroxyapatite layer, whereas no loosening occurred in type 2 hips. There was consolidation of the hydroxyapatite layer in 33 hips (66%). Loosening was detected in nine of 29 hips (31%) without cement and in one of 20 hips (5%) with cement (p = 0.03, Fisher's exact probability test). The linear wear and annual wear rate did not correlate with loosening.
The long-term results of grafting with hydroxyapatite granules for acetabular deficiency in revision total hip replacement are not well known. We have evaluated the results of revision using a modular cup with hydroxyapatite grafting for Paprosky type 2 and 3 acetabular defects at a minimum of ten years' follow-up. We retrospectively reviewed 49 acetabular revisions at a mean of 135 months (120 to 178). There was one type 2B, ten 2C, 28 3A and ten 3B hips. With loosening as the endpoint, the survival rate was 74.2% (95% confidence interval 58.3 to 90.1). Radiologically, four of the type 3A hips (14%) and six of the type 3B hips (60%) showed aseptic loosening with collapse of the hydroxyapatite layer, whereas no loosening occurred in type 2 hips. There was consolidation of the hydroxyapatite layer in 33 hips (66%). Loosening was detected in nine of 29 hips (31%) without cement and in one of 20 hips (5%) with cement (p = 0.03, Fisher's exact probability test). The linear wear and annual wear rate did not correlate with loosening.
These results suggest that the long-term results of hydroxyapatite grafting with cement for type 2 and 3A hips are encouraging.
The lack of acetabular bone due to osteolysis, infection or aseptic loosening can cause considerable problems when revising a total hip replacement (THR). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A number of different types of bone and bone substitute have been used to graft the defect including morsellised [1] [2] [3] [4] [5] [6] and massive allografts, 5, 7 and hydroxyapatite granules. [8] [9] [10] Sintered hydroxyapatite granules are not resorbable 13 and bind to bone physicochemically. 14 They have been shown to give good results in revision THR when followed for up to ten years. [8] [9] [10] However, the fate of the granules in revisions after more than ten years is unknown.
For revision of the acetabulum with deficiency of bone stock we use a large amount (> 10 g) of hydroxyapatite granules and a modular reconstruction component. This study describes the clinical and radiological results of this method with a minimum followup of ten years.
Patients and Methods
Between January 1993 and August 1999, we revised 65 hips in 60 patients using a modular acetabular reconstruction component (ModuRec system, Zimmer, Warsaw, Indiana) ( Fig. 1 ) and at least 10 g of hydroxyapatite granules. Of these, nine patients (ten hips) died within ten years from unrelated causes, and six (six hips) were lost to follow-up. Their clinical and radiological results at the last recorded follow-up did not show loosening. Thus, 49 hips in 45 patients were available for follow-up at a mean of 135 months (120 to 178). There were 39 women and six men, with a mean age at revision of 66 years (38 to 79). Their mean height was 149 cm (138 to 167), and mean weight 54.3 kg (40 to 70), giving a mean body mass index (BMI) of 24.4 (15.4 to 34.1). The reasons for revision were aseptic loosening of the component in 34 hips, aseptic loosening of a bipolar endoprosthesis in seven, and septic loosening of a THR or bipolar endoprosthesis in eight. The cumulative number of operations prior to the index acetabular revision was one in 29 hips, two in 14 hips, and three in six hips.
The classification system of Paprosky, Perona and Lawrence 15 was used to evaluate the severity of the acetabular defect. One hip had a type 2B acetabulum (> 2 cm superior migration), ten had a type 2C (medial wall defect), 28 had a type 3A (30% to 60% rim defect) and ten had a type 3B (> 60% rim defect).
The modular reconstructive component consisted of a flanged metal socket, an iliac lag screw and an ischial peg. It was made of titanium alloy (Ti-6A1-4V) and had a corundum-blasted surface finish. A conventional, gamma-sterilised ultra-high molecular weight polyethylene (UHMWPE) liner was used with either a neutral or an elevated rim.
Through a posterolateral approach, the loose components and fibrous membrane were removed to expose the host bone. A guide wire was passed into the posterior column of the iliac bone using a jig without an image intensifier, and an iliac lag screw of appropriate length was inserted into the posterior column beside the sciatic notch. This bone is usually intact even in cases of severe acetabular deficiency, except in those with pelvic discontinuity. The entire bone defect was then densely packed with hydroxyapatite granules and impacted with a trial component. The mean weight of granules (Bonfil, Mitsubishi Material, Tokyo, Japan or Boneceram P, Orimpus, Tokyo, Japan) used was 25 g (10 to 100). These were a mixture of small (1.0 mm to 2.8 mm) and larger (2.8 mm to 5.0 mm) diameter. Bonfil granules were used in 39 hips, and had a pore diameter of 90 μm to 200 μm, a porosity rate of 60% and a mean compressive strength of 15 MPa. Boneceram P granules were used in ten hips, having a pore diameter of 50 μm to 300 μm, and a porosity rate of 35% to 48%, and a mean compressive strength of 35 MPa.
Next, a flanged metal socket was connected to the lag screw and impacted. The modular component was then located at the level of the original centre of the hip or as much as possible. An ischial peg was inserted and fixed through the window of the flanged metal socket. This socket has eight holes, through which additional bone and/ or further hydroxyapatite granules or screws can be introduced. Of the 49 hips, 29 components were fixed without cement and 20 with cement. Bone cement was used for the space occupying the non-weight-bearing part of the ischial bone and/or at the interface between the metal socket and the layer of hydroxyapatite when there was only a small contact area between the socket and the host bone. We did not use cement at the contact area between the host bone and the surface of the metal socket. No plate or fibular graft was used to reconstruct a rim defect.
At the index operation the femoral side was not revised in ten hips. The other 39 femoral components were revised, 31 to a cementless stem and eight to a cemented stem. A 28 mm alumina modular head (Biolox, Ceram Tec, Plochingen, Germany) was used in 14 hips, a 26 mm cobaltchrome head in 29 and a 28 mm cobalt-chrome head in four. The other two hips had monobloc heads, one was a Charnley stem with a 22 mm head and the other a stainless steel stem (SOM, Mizuho Co, Tokyo, Japan) with a 28 mm stainless steel head.
All patients received prophylactic intravenous antibiotics: 2 g of a second-generation cephalosporin were given at the time of anaesthesia, and then a further 2 g every 12 hours for one week. Patients without complications were allowed partial weight-bearing at three to six weeks, and full weight-bearing at six to 12 weeks after operation. Anticoagulants were not given: elastic stockings were used for the first two weeks.
Kaplan-Meier survival analysis was performed with two endpoints: radiological evidence of aseptic loosening and revision for any reason. The 95% confidence interval (CI) was also calculated. The modular reconstructive cup (ModuRec system, Zimmer, Warsaw, Indiana). The angle of the iliac lag screw and the five radiological zones.
The clinical and radiological data were evaluated by two independent observers (TS, NS) who had no prior knowledge of the results. The patients were assessed clinically before operation and at the latest follow-up using the Harris hip score (HHS). 16 Anteroposterior (AP) and oblique radiographs were taken pre-operatively and at each follow-up visit. The location of the centre of the hip post-operatively was defined by the vertical distance from the teardrop line and the lateral distance from the vertical line through the symphysis pubis. 17 We measured the angle of the iliac lag screw (the vertical axis was measured as from the vertical line to the teardrop line) in order to assess the position of the component (Fig. 2) . Because the modular component has a unique shape, we defined five zones for the purpose of localising radiolucent lines as follows: zone 1, the weight-bearing zone; zone 2, around the sleeve; zone 3, around the iliac lag screw; zone 4, the medial wall; and zone 5, around the ischial peg (Fig. 2) . Migration of the component, both horizontally and vertically, was measured using the method of Nunn et al. 18 Acetabular loosening was confirmed if the sum of acetabular migration in the horizontal and vertical planes was > 5 mm, 19 if the change in the orientation of the acetabular component was > 5°2
0 if there was a progressive radiolucent line measuring > 1 mm in all zones as described by DeLee and Charnley. 20 We also checked the consolidation of the hydroxyapatite, the interface between the bone and the hydroxyapatite granules and the change in the volume of this layer on the AP radiographs. 8 Polyethylene wear of the acetabular liner was measured using Image.J ver.1.42q (National Institutes of Health, Bethesda, Maryland) on a Microsoft Windows (Microsoft, Redmond, Washington) computer. 21 The two AP radiographs of the hips taken just after surgery and at the latest follow-up were digitised using an X-ray radiograph scanner. The diameter of the prosthetic femoral head was used to correct for magnification. A circle of known diameter was matched to the surface of the femoral head and another circle of known diameter was superimposed on the outer surface of the socket. By comparing the two the linear wear of the UHMWPE and the annual wear rate could be calculated.
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Statistical analysis. Comparison between the radiologically defined loosening hips and hips not loose was carried out using the Mann-Whitney U test, the chi-squared test and Fisher's exact probability test. A p-value < 0.05 was considered significant.
Results
At a mean of 135 months (120 to 178) post-operatively, Kaplan-Meier survival analysis gave a 74.2% probability (95% CI 58.3 to 90.1) of retaining the modular component when radiological evidence of aseptic loosening was taken as the endpoint. For Paprosky type 2 and 3A hips, the probability was 88.9% (95% CI 78.5 to 99.3). When revision for any reason was taken as the endpoint the probability was 66% (95% CI 47.2 to 84.8).
The mean pain element of the HHS improved from 13.7 (0 to 30) to 33.9 points (20 to 44), and the mean total HHS from 41 (11 to 67) to 71 points (47 to 88).
There were two late infections (4%), seven dislocations (14%) and two breakages of the polyethylene liner 13 years post-operatively (4%). There was no breakage of the flanged component or the iliac lag screw.
A total of 39 hips (80%) showed no radiological evidence of aseptic loosening (Fig. 3) , but ten hips (20%) Fig. 3b Radiograph taken a) immediately after acetabular revision for Paprosky type 3B hip in a 42-year-old woman. Hydroxyapatite granules (60 g, Bonfil, Mitsubishi Material, Tokyo, Japan) were used without cement and b) after 13 years, the hydroxyapatite layer showed consolidation without loosening.
Fig. 3a
THE JOURNAL OF BONE AND JOINT SURGERY became loose, with progressive migration and collapse of the hydroxyapatite layer in the weight-bearing area (Fig. 4) . The hips with the most severe bone deficiency tended to loosen: four of 28 type 3A hips (14%) and six of ten type 3B hips (60%) showed radiological evidence of loosening, compared to none of the 11 type 2 hips.
Regarding the location of the centre of the hip, the mean vertical distance from the teardrop line was 25.7 mm (12.5 to 37.8), whereas the mean lateral distance from the vertical line through the symphysis pubis was 86.7 mm (73.3 to 100.1). The mean angle of the iliac lag screw was 29.8° (7° to 52°). A radiolucent line around the modular component was seen in eight hips (16%) in zone 1, 25 hips (51%) in zone 2, 26 hips (53%) in zone 3, seven hips (14%) in zone 4, and nine hips (18%) in zone 5.
Consolidation of the layer of hydroxyapatite granules was seen in 33 hips (67%) (Fig. 3) . Radiolucent lines between this layer and the host bone were seen in 11 hips (22%). A reduction in the volume of the layer was seen in 13 hips (26%).
The mean linear wear of UHMWPE at follow-up was 0.99 mm (0.07 to 4.5). The mean annual rate of wear was 0.12 mm/year (0.01 to 0.45). Neither the linear wear nor the annual wear rate were found to correlate with loosening of the cup (Table I) .
The size of the bone defect pre-operatively correlated strongly with loosening (p = 0.004) ( Table I ). There were significant differences in the lateral position of the head centre (p = 0.016), consolidation of the hydroxyapatite layer (p = 0.009), a radiolucent line between this layer and the host bone (p = 0.004), reduction in volume (p = 0.004) and use of cement (p = 0.03) between the hips that loosened and those that did not. Loosening was seen in nine of 29 hips (31%) without cement and in one of 20 (5%) with cement.
Seven of ten hips that loosened had further revision surgery at a mean of 109 months (60 to 161). They were treated using a new modular reconstruction component and a metal plate and/or a fibular graft for the rim defect. At the second revision, three hips were Paprosky type 3B and the other four had pelvic discontinuity. Although hydroxyapatite granules did not show direct binding to the blasted surface of the loosened component, the granules themselves showed partial incorporation into the host bone. The interface between the host bone and the granules appeared solid. There was no evidence of loosening at a mean 87 months (30 to 120) after the second revision.
Discussion
Within ten years of acetabular revision, survival with additional surgery as the endpoint is about 90%. This applies to the oblong cup, 23 32 However, at longer than ten years after revision including the use of a modular cup, 1 impacted bone grafting with a cemented cup, 2 cementless jumbo cup, 33, 34 or a stemmed cup, 35 the survival ranges from 43% to 100%
We have shown similar results (88% survival) with a modular reconstruction cup and grafting with the hydroxyapatite granules and 3A hips, 1,2,33-35 although by Radiograph taken a) immediately after acetabular revision for Paprosky type 3B hip in a 65-year-old woman. Hydroxyapatite granules (100 g, Boneceram P, Orimpus, Tokyo, Japan) were used without cement and b) after 15 years, the hydroxyapatite layer had collapsed at the weight-bearing area, with varus migration. ten years 60% of Paprosky 3B hips showed signs of loosening. Schreurs et al 2 recorded a 75% survival at 20 years using a cemented cup and impaction grafting with morsellised cancellous bone chips, 7 mm to 10 mm in size.
Hydroxyapatite is a useful bone substitute for acetabular reconstruction. Immunoreactivity can be ignored, no morphological change or decrease in volume occurs and it is minimally absorbed. Although some studies have reported the use of hydroxyapatite granules in acetabular revision, [8] [9] [10] no study has reported the results ten or more years after surgery.
In our study, the granules were found not to have bound directly to the corundum-blasted surface of the loose modular component at further revision. It may therefore be better to carry out a cemented further revision, in order to bind the hydroxyapatite granules on to the surface of the acetabular component. 8, 9 The hydroxyapatite granules did not influence polyethylene wear. The mean linear wear (0.99 mm) and the annual rate of wear (0.12 mm/year) did not differ markedly from other studies, including those that used a combination of a polyethylene acetabular component and a 28 mm alumina ceramic head (1.1 mm, 0.10 mm/year) 21 or those using a combination of a UHMWPE acetabular component and a 28 mm cobalt-chrome head (0.85 mm, 0.10 mm/year). 22 Although severe osteolysis has been reported as a result of third-body wear from hydroxyapatite particles becoming detached from the coating of the acetabular component, 36 we found no significant macroscopic UHMWPE wear due to hydroxyapatite granules from the grafted area.
The size and shape of the granules may influence the longevity of the hydroxyapatite layer and hence the 5 have reported that when using an allograft, a block gives a better result than a morsellised graft. The combination of hydroxyapatite granules and allograft or autograft bone may enhance osteoinduction.
The survival of a modular cup and hydroxyapatite depends on the type of bone defect in the acetabulum. It is important that the modular cup is in contact with host bone. For Paprosky type 3B cases, reconstruction of the acetabular rim using fibula or a plate was needed because a defect of > 60% of the acetabular rim cannot be reconstructed tightly using only hydroxyapatite granules. Poor results have been also reported with impaction allografting for severe acetabular bone deficiency. 6 Van Haaren et al 6 observed that 20 of their 71 revisions using impaction allograft bone needed further revision after a mean of 7.2 years; 14 of these 20 failures had an American Academy of Orthopaedic Surgeons classification type III or IV bone defect.
Jeffery et al 1 reported that a modular component used for acetabular revision (Freeman) had a survival of 43% at 15 years in 21 hips. They also noted that breakage of the screw of the uncemented non-porous metal-backed prosthesis with augmentation occurred over ten years because the impacted allograft failed to incorporate and gave insufficient stability. In our study there was no breakage of the iliac lag screw. When the hydroxyapatite granule layer collapsed, the lag screw did not break because of its size, but migrated into a varus position until the flanged cup came into contact with the host bone.
One limitation of this study is the comparatively light weight of the patients, a mean 54.3 kg (40 to 70). This may not translate to a typical Western population. The mean BMI was 24.4 kg (15.4 to 34.1) and further study of the use of this modular component and hydroxyapatite granules is needed for heavier patients.
Acetabular revision using a large volume of hydroxyapatite granules and a modular cup with cement for Paprosky type 2 and 3A hips gives comparable clinical and radiological results to other methods for more than ten years. 1, 2, [33] [34] [35] Although type 3B cases fared poorly if only hydroxyapatite granules were used, the rest of the revision cases, who were evaluated as type 3B and/or pelvic discontinuity, and were treated with a metal plate and/or fibular graft for the rim defect, had not loosened at a mean of 87 months after additional revision. Therefore, Paprosky type 3B hips need revision with both hydroxyapatite granules and reconstruction of the acetabular rim.
